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A  lithium  conductive  Li3N  film  is  successfully  prepared  on  Li  metal  surface  by  the  direct  reaction  between 
Li  and  N2  gas  at  room  temperature.  X-ray  diffraction  (XRD),  Auger  electron  spectroscopy  (AES),  cyclic 
voltammetry  (CV),  scanning  electron  microscopy  (SEM),  AC  impedance,  cathodic  polarization  and  gal- 
vanostatic  charge/discharge  cycling  tests  are  applied  to  characterize  the  film.  The  experimental  results 
show  that  the  Li3N  protective  film  is  tight  and  dense  with  high  stability  in  the  electrolyte.  Its  thickness 
is  more  than  159.4nm  and  much  bigger  than  that  of  a  native  SEI  film  formed  on  the  lithium  surface  as 
received.  An  exchange  current  as  low  as  3.244  x  1 0-7  A  demonstrates  the  formation  of  a  complete  SEI  film 
at  the  electrode|electrolyte  interface  with  Li3N  modification.  The  SEI  film  is  very  effective  in  preventing 
the  corrosion  of  the  Li  electrode  in  liquid  electrolyte,  leading  to  a  decreased  Li  |  electrolyte  interface  resis¬ 
tance  and  an  average  short  distance  of  3.16  x  10-3  cm  for  Li  ion  diffusion  from  electrolyte  to  Li  surface. 
The  Li  cycling  efficiency  depends  on  N2  exposing  time  and  is  obviously  enhanced  by  the  Li3N  (1  h)  mod¬ 
ification.  After  cycling,  a  dense  and  homogeneous  Li  layer  deposits  on  the  Li3N  (1  h)  modified  Li  surface, 
instead  of  a  loose  and  inhomogeneous  layer  on  the  Li  surface  as  received. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Metallic  lithium  with  a  high  theoretical  specific  capacity  of 
3860  Ah  kg-1  is  a  promising  anode  candidate  for  rechargeable  Li 
batteries  [1].  However,  the  practical  application  of  Li  electrode 
is  still  difficult  due  to  its  low  cycling  efficiency,  deleterious  den¬ 
dritic  morphology  of  deposited  Li  and  safety  concerns  [2-4].  These 
problems  have  been  widely  believed  to  result  from  the  reaction 
of  freshly  deposited  Li  with  the  electrolyte  components  such  as 
solvents,  Li  solutes,  and  trace  contaminants  like  water  and  oxy¬ 
gen  [5-9].  A  number  of  attempts  have  been  made  to  improve  the 
performance  of  Li  electrodes  by  coating  the  Li  with  different  kinds 
of  surface  protective  films  before  or  during  cycling.  Such  protec¬ 
tive  films  must  conduct  Li  ions,  and  at  the  same  time  can  prevent 
the  contact  between  Li  and  electrolyte.  One  approach  is  to  form 
a  protective  film  by  an  in  situ  reaction  between  Li  and  the  com¬ 
pounds,  such  as  HF  [10-13],  A1C13,  Snl2  [14-16]  and  2-methylfuran 
[17,18].  Most  of  such  in  situ  films  failed  to  protect  the  Li  effectively 
due  to  their  porous  morphologies.  Another  approach  is  to  make  a 
pre-formed  protective  film  by  an  ex  situ  route.  For  example,  N.  J. 
Dudney  [19]  and  Visco  et  al.  [20]  fabricated  stable  Li  electrodes  by 
coating  the  Li  surface  with  lithium  phosphorus  oxynitride  (‘LiPON’) 
or  related  materials  by  sputtering.  However,  such  a  process  is  not 
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favorable  for  commercial  rechargeable  Li  batteries  due  to  its  high 
fabrication  cost. 

Owing  to  the  limited  Li  ion  conductivities  of  the  above  pro¬ 
tective  films,  the  interface  resistance  usually  increased  after  the 
modifications.  As  known,  polycrystalline  Li3N  has  an  exceptionally 
high  Li-ion  conductivity  (approximately  10-3  S  cm-1)  with  poten¬ 
tial  application  as  a  solid  electrolyte  in  lithium  ion  batteries  [21]. 
In  this  work,  a  Li3N  film  was  fabricated  on  Li  surface  as  a  protective 
layer  by  the  direct  reaction  between  Li  and  N2  gas  at  room  tempera¬ 
ture.  The  ex  situ  method  proposed  here  is  more  effective  and  simpler 
compared  with  the  methods  such  as  sputtering  or  polymerizing. 
The  protective  film  shows  positive  effects  on  the  electrochemical 
behaviors  of  Li  in  a  conventional  organic  electrolyte. 

2.  Experimental 

In  a  designed  container,  one  face  of  a  fresh  Li  foil  with  thickness 
of  200  pirn  was  allowed  to  flow  N2  gas  at  a  constant  space  velocity 
for  1  h.  The  other  side  of  the  container  was  sealed  by  water-free 
liquid.  A  schematic  diagram  in  Fig.  1  shows  the  detailed  fabrica¬ 
tion  process.  A  Li  electrode  with  Li3N  protective  film  was  obtained. 
Then  the  modified  Li  foil  was  sealed  by  a  polyimide  film  in  order  to 
prevent  undesirable  reactions  during  the  test  in  air  and  was  charac¬ 
terized  by  X-ray  diffraction  (XRD,  Ultima  IV)  with  Cu  Ka  radiation 
to  identify  the  Li3N  phase  formed.  Auger  Electron  Spectroscopy 
(AES,  Microlab  310  F)  was  used  to  examine  the  elements  on  the 
surface  and  within  the  Li3N  modified  lithium  electrode.  An  Ar  ion 
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Fig.  1.  A  schematic  diagram  for  the  preparation  process  of  Li3N  film  on  Li  surface. 


beam  from  a  tungsten  field  emission  gun  with  an  etching  rate  of 
0.1  nm  s-1  was  sputtered  on  to  the  sample  with  an  incidence  angle 
of  48  ± 1 0  in  order  to  perform  AES  and  the  pressure  during  the  mea¬ 
suring  time  was  always  lower  than  lxl  0-7  Pa.  All  AES  results  were 
obtained  from  sample  areas  of  120  p,m  x  90  p,m. 

All  electrochemical  measurements  were  performed  with  sealed 
coin  cells.  Copper  foils  of  14  mm  in  diameter  were  used  as  working 
electrodes.  Before  the  tests,  the  copper  foil  was  polished  to  a  mirror 
surface,  washed  with  distilled  water  and  acetone  in  an  ultrasonic 
bath,  and  finally  dried  for  6  h  under  vacuum  at  room  temperature. 
The  working  electrodes  were  assembled  in  2025  coin  cells  using 
Celgard  2400  as  the  separators  and  Li  foils  as  the  counter  and  ref¬ 
erence  electrodes.  A  solution  of  1  M  LiPF6  in  EC:DMC  (1:1  weight) 
was  employed  as  the  electrolyte.  Cell  assembling  was  processed  in 
an  argon  filled  glove  box  with  oxygen  and  water  contents  less  than 
1  ppm. 

AC  impedance  measurements  were  carried  out  using  an  Autolab 
PGSTAT302  potentiostat-galvanostat  electrochemical  workstation 
with  a  frequency  response  analyzer  (FRA)  software.  The  fre¬ 
quency  and  amplitude  were  set  to  1  MHz-10  mHz  and  10  mV, 
respectively.  The  cathodic  polarization  measurements  for  char¬ 
acterization  of  electrode  kinetic  performance  were  conducted 
on  a  CHI440  Electrochemical  Workstation  with  a  scan  rate  of 
1  mVs-1.  The  cyclic  voltammetry  measurements  were  monitored 
using  Autolab  PGSTAT302  potentiostat-galvanostat  electrochem¬ 
ical  workstation  with  general  purpose  electrochemical  system 
(GPES)  software.  The  cyclic  potential  was  set  to  -0.4  to  0.8  V  with 
a  scan  rate  of  2  mV  s-1 . 

The  galvanostatic  charge/discharge  tests  were  conducted  on  a 
LAND  CT2001A  battery  test  system.  Li  of  0.9  C  cm-2  was  deposited 
at  the  cycling  current  density  of  0.5  mA  cm-2.  The  cut-off  potential 
was  controlled  at  1 V  (vs.  Li/Li+)  for  the  Li  dissolution.  The  Li  cycling 
efficiency  (Eff)  was  calculated  using  Eq.  (1). 

£ff=  dissolution  xl00%  (1) 

^deposition 

where  Qdeposition  was  the  charge  quantity  of  Li  deposition,  Qdissoiution 
was  the  dissolution  quantity  of  deposited  Li. 

After  the  cycling  efficiency  test,  the  Li  electrodes  were  removed 
from  the  coin  cells,  washed  with  polycarbonate  (PC)  and  further 
dried  in  argon-filled  glove-box  for  12  h  and  were  enclosed  in  a 
sealed  sample  holder  to  observe  their  morphologies  with  a  scan¬ 
ning  electron  microscope  (SEM,  HITACHI  S-3400). 


Fig.  2.  XRD  patterns  of  (a)  protective  polyimide  film;  (b)  Li  metal  surface  as  received; 
(c)  Li3N  (1  h)  modified  Li  and  (d)  the  Li3N  modified  Li  stored  in  the  electrolyte  for 
three  weeks. 


imide  film  displayed  a  broad  band,  no  any  sharp  diffraction  peaks 
owing  to  crystalline  phases  were  seen.  Fig.  2b  shows  the  XRD  pat¬ 
tern  of  the  primitive  Li  foil.  Three  crystal  peaks  can  be  indexed  to 
the  Li  metal.  In  addition,  a  small  impurity  peak  was  observed,  prob¬ 
ably  due  to  minor  oxidation  of  the  Li  metal  during  storage.  Fig.  2c 
shows  the  typical  pattern  of  the  modified  Li  foil  surface.  As  indi¬ 
cated,  all  peaks  are  indexed  to  Li3N  phase.  No  any  impurity  phase 
was  found.  It  was  also  indicated  that  the  minor  surface  impurity 
on  the  as-received  Li  foil  did  not  influence  the  modification  obvi¬ 
ously.  It  is  noticeable  that  there  are  two  isomorphs  of  Li3N  with 
hexagonal  structures,  i.e.,  a-Li3N  [P6/mmm]  and  a'-Li3N  [P3ml] 
[22],  respectively.  As  studied  by  Shouxin  Cui,  et  al.  [23],  the  transi¬ 
tion  from  a-Li3N  to  a'-Li3N  is  very  easy  as  the  transition  enthalpy 
barrier  is  only  about  0.01  meV.  In  addition,  the  analysis  of  the  den¬ 
sity  of  states  (DOS)  and  charge  density  distribution  revealed  that 
both  a-Li3N  and  a'-Li3N  have  high  Li  ion  conductivities.  In  order  to 
investigate  the  stability  of  the  formed  Li3N  film  in  the  electrolyte, 
we  stored  the  modified  Li  foil  in  the  same  electrolyte  for  as  long  as 
three  weeks  and  then  dried  it.  The  XRD  pattern  of  the  treated  sur¬ 
face  is  shown  in  Fig.  2d.  As  certified,  no  phase  change  was  caused 
by  the  treatment,  indicating  favorable  thermodynamic  stability  of 
the  Li3N  film  in  the  electrolyte. 


3.  Results  and  discussion 

3.1.  Physical  characterization  ofLi3N  film 

3.1.1.  Phase  analysis 

The  phase  of  Li3N  film  formed  on  Li  surface  was  characterized 
by  XRD  analysis.  As  shown  in  Fig.  2,  the  protective  amorphous  poly- 


3.1.2.  Surface  components  analysis 

Fig.  3  shows  the  AES  spectra  of  (a)  Li  1  s,  (b)  C  1  s,  (c)  N  1  s  and  (d) 
O  Is  at  different  depths  after  N2  flowed  over  Li  surface  for  1  h.  Sev¬ 
eral  depth  profile  spectra  as  shown  in  each  figure  were  obtained  by 
the  argon  ion  etching  for  various  periods  with  an  incidence  etch¬ 
ing  rate  of  0.1  nms-1.  At  the  depth  of  Li  surface  less  than  10.4nm, 
Li2C03,  Li20,  LiOH  and  impurities  were  detected.  A  peak  in  Fig.  3(b) 
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Fig.  3.  AES  spectra  of  (a)  Li  Is;  (b)  C  Is;  (c)  N  Is;  (d)  0  Is  on  the  Li3N  (1  h)  modified  Li  surface. 


at  around  248  eV  could  be  attributed  to  impurities  since  it  quickly 
vanished  at  7.8  nm  with  the  argon  ion  etching.  The  Li2C03  peak  at 
around  260  eV  disappeared  at  13  nm.  As  Li3N  has  a  poor  stability  to 
humidity,  it  was  not  observed  until  13  nm  as  shown  in  Fig.  3c.  Two 
O  peaks  appeared  at  around  485  eV  and  510  eV  can  be  attributed  to 
Li2C03  and  Li20  or  LiOH,  respectively.  Both  of  them  were  quickly 
decreased  and  finally  kept  at  a  low  level  at  the  depth  larger  than 
52  nm.  This  is  probably  due  to  the  trace  humidity  of  the  sputtering 
chamber  and  trance  oxygen  on  Li.  The  thickness  of  Li3N  is  more 
than  1 59.4  nm  for  exposing  1  h  as  shown  in  Fig.  3.  It  is  much  thicker 
than  the  native  film  formed  on  lithium  as  received. 

3.2.  Electrochemical  performance  ofLi3N  modified  Li  electrode 
3.2 A.  Interface  stability  analysis 

Fig.  4a  and  b  shows  typical  Nyquist  plots  obtained  from  the  as- 
received  Li  and  Li3N  (1  h)  modified  Li  electrodes  as  a  function  of 
storage  time  in  LiPF6/EC  +  DMC  electrolyte.  The  inserts  show  the 
magnification  of  high  frequency  range  of  the  impedance  spectra. 
The  equivalent  circuit  and  related  analogs  fitted  to  the  experi¬ 
mental  data  are  also  given  in  the  spectra.  A  typical  inductance 
element  L  identified  by  negative  values  in  -Z"  axis  indicates  an 
unstable  measurement  system  at  the  beginning  [24].  The  first 
depressed  semicircle  at  high  frequency  can  be  attributed  to  migra¬ 


tion  resistance  Rf  of  Li+  through  the  surface  film.  According  to  the 
studies  by  Aurbach  et  al.  [25-27],  the  different  volume  of  each 
reduced  species  from  LiPF6/EC  +  DMC  electrolyte,  such  as  LiF,  LixPFy, 
LixPFy02,  (CH20C02Li)2,  CH30C02Li,  CFI3OLi,  etc.  precipitated  on 
the  electrode  [28],  results  in  a  rather  rough  and  inhomogeneous 
surface  film.  For  such  case,  the  surface  film  capacitance  is  expressed 
by  a  constant  phase  angle  element  Qf.  The  impedance  of  Qf  is  writ¬ 
ten  as  Eq.  (2) 

ZQf  =  Y-'(ja>rn  (2) 

where  co  is  the  angular  frequency  in  rad  s-1,  Y0  is  the  magnitude  of 
Qf  which  can  be  approximately  converted  into  a  capacitance,  and  n 
is  introduced  to  represent  the  deviation  from  the  ideal  RC-behavior 
which  can  vary  between  1  for  a  pure  capacitance,  0.5  for  a  Warburg 
resistance,  and  0  for  a  pure  resistor  [29].  For  intermediate  values  of 
n,  Qf  may  represent  a  film  growth  process  taking  place  prevalently 
through  a  finite  diffusion  length  [30].  The  second  semicircle  in  the 
low  frequency  region,  which  is  represented  by  ‘CothyperboF  ele¬ 
ment  O,  suggests  that  a  stagnant  layer  of  finite  length  is  formed  in 
the  electrolyte  for  Li+  diffusion.  The  impedance  of  0  is  written  as 
Eq-  (3) 

Z0  =  Yf(jco)-'/2  tanh[BO)1/2]  (3) 
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Fig.  4.  Nyquist  plots  and  the  related  equivalent  circuit  analogs  for  the  Li  as  received 
(a)  and  Li3N  (1  h)  modified  Li  electrodes  (b)  measured  at  open-circuit  potential  as  a 
function  of  storage  time. 


where  oo  is  the  angular  frequency  in  rads-1,  Y0  is  the  magni¬ 
tude  of  O  which  can  be  approximately  converted  into  a  ‘Warburg’ 
impedance  and  B  =  //D1/2,  where  l  is  the  length  of  a  stagnant  layer 
and  D  is  diffusion  coefficient.  According  to  the  studies  of  Chang  and 
Jong  [31],  the  diffusion  coefficient  of  Li+  in  the  electrolyte  is  about 
3.4  x  10-6  cm2  s-1.  The  length  of  a  stagnant  layer  can  therefore  be 
calculated. 

The  fitted  results  of  the  impedance  spectra  in  Fig.  4a  and  b 
are  given  in  Tables  1  and  2,  respectively.  The  goodness  of  fit  for 
the  whole  electrode  system  is  represented  by  the  Chi-square  (x2) 
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Fig.  5.  Cathodic  polarization  (Tafel)  curves  of  the  Li  as  received  and  Li3N  (1  h)  mod¬ 
ified  Li  electrodes. 


parameter.  Comparing  Rf  and  Qf  in  two  tables,  it  is  demonstrated 
that  the  SEI  film  formed  on  Li3N  modified  Li  electrode  surface  is 
smoother  and  less  resistive.  As  Li3N  protective  film  is  formed  pre¬ 
viously  and  used  as  the  closest  layer  to  Li  metal,  it  can  effectively 
prevent  the  side  reactions  between  Li  and  electrolyte.  Also,  the 
highest  Li  ion  conductivity  of  Li3N  among  inorganic  Li  salts  pro¬ 
vides  much  smaller  Li+  migration  resistance  Rf.  It  is  noticeable  that 
the  larger  values  Y0  of ‘Cothyperbol’  element  O  and  shorter  lengths 
of  stagnant  layers  suggest  faster  Li+  diffusion  from  electrolyte  to  Li 
surface,  owing  to  fewer  reduction  species  in  the  electrolyte  with 
Li3N  modification. 

3.2.2.  Kinetic  performance  analysis 

To  test  polarization  behavior  is  a  promising  technique  to  study 
the  kinetic  performance  of  electrodes  [32,33].  Fig.  5  shows  the 
cathodic  polarization  (Tafel)  curves  of  the  as-received  Li  and  Li3N 
(1  h)  modified  Li  electrodes  measured  in  LiPF6/EC  +  DMC  elec¬ 
trolyte.  According  to  Tafel  formulate  written  as  Eq.  (4): 


where  rj  is  the  overpotential  of  the  electrode,  n  is  the  electronic  sto¬ 
ichiometric  number  of  electrode  reaction,  R  is  molar  gas  constant, 
T  is  room  temperature  (298 1<),  a  is  the  transmission  coefficient  of 
electrode  reaction,  F  is  Faraday  constant,  i0  is  exchange  current, 
the  two  important  parameters  (a,  z'o)  of  kinetic  performance  can  be 
calculated  from  Tafel  slop  and  intercept.  The  results  are  shown  in 


Table  1 

Fitting  results  obtained  from  the  equivalent  circuit  of  Fig.  4a. 


Time  (h) 

I(10-7H) 

Rs  (Q) 

Qf(yOf.n)(10-5S"Q-1) 

Rf  m 

O(Y0,  B)(10-2  Sn  Q- 

',s-'/2) 

l  (10-3  cm) 

X2 

1 

2.163 

1.887 

4.979,  0.6824 

363 

0.3870, 1.822 

3.457 

0.1836 

24 

2.136 

2.221 

5.294,  0.6690 

589 

0.2731,2.439 

4.628 

0.2784 

48 

2.317 

1.443 

5.292,  0.6674 

594 

0.2431,2.464 

4.675 

0.3298 

72 

1.994 

2.871 

5.120,  0.6686 

615 

0.2386,  2.459 

4.665 

0.2844 

Table  2 

Fitting  results  obtained  from  the  equivalent  circuit  of  Fig.  4b. 

Time  (h) 

I  (10-7  H) 

Rs  (fi) 

Qf(y0f.n)(10-5S"£2-1) 

Rf(£2) 

O(Y0,B)(10-2  Sn  Q- 

l.S-1/2) 

l  (10“3  cm) 

X2 

1 

1.769 

2.435 

3.920,  0.7282 

98.6 

8.693,1.815 

3.444 

0.0404 

24 

2.299 

1.808 

1.889,  0.7648 

331 

0.9496,1.498 

3.842 

0.0966 

48 

9.314 

9.47 

1.544,  0.7887 

326 

0.8583, 1.339 

2.541 

0.7777 

72 

4.09 

4.09 

1.899,  0.7614 

379 

0.8929, 1.497 

2.840 

0.0564 
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Table  3 

Calculated  results  from  Tafel  curves  of  primitive  Li  andLi3N  (1  h)  modified  Li 
electrodes. 


Exchange  current,  i0  (A) 

Transition  coefficient,  a 

Premitive  Li  electrode 

2.789  x  10-4 

0.1583 

Li3N  modified  Li  electrode 

2.642  x  10-7 

0.2524 

Table  3.  As  the  active  energy  of  Li  ion  reduction  is  expressed  by  the 
Eq.  (5): 

Ei=E0+anFrj  (5) 

where  E0  is  the  active  energy  of  reduction  process  without  polar¬ 
ization.  The  higher  value  a  of  Li3N  modified  Li  electrode  suggests 
higher  active  energy  of  Li  ion  charge  transfer.  It  indicates  that 
Li3N  modification  has  greatly  decreased  the  reactivity  of  Li  sur¬ 
face.  However,  the  increased  charge  transfer  resistance  does  not 
affect  electrode  reaction  rate  as  Li+  migration  through  the  surface 
film  is  the  rate-determining  step  for  the  whole  reduction  process 
[34].  Compared  with  as-received  Li,  a  lower  exchange  current  of 
3.244  x  10-7  A  suggests  a  complete  SEI  film  is  formed  at  the  Li3N 
modified  Li  electrode  [electrolyte  interface. 

3.2.3.  Cycling  performance  analysis 

Typical  cyclic  voltammograms  for  Li  deposition  and  dissolu¬ 
tion  on  the  Cu  substrate  surface  are  given  in  Fig.  6.  As  expected, 
the  reduction  of  Li+  to  Li  occurs  at  near  0  V.  A  small  current  loop 
characteristic  of  an  overpotential-driven  nucleation/growth  elec¬ 
trodeposition  process  [35]  is  observed  in  0  to  -0.09  V  region  of  both 
voltammograms.  A  larger  cathodic  overpotential  is  needed  for  the 
as-received  Li  electrode  to  initiate  the  nucleation  and  subsequent 
growth  of  Li  deposits,  indicating  that  a  thick  and  resistive  passive 


Potential  /  V  (vs.  Li/Li+) 


Fig.  6.  Cyclic  voltammograms  for  Li  deposition  and  dissolution  in  1 M 
LiPF6/EC  +  DMC  electrolyte  with  the  Li  as  received  (a)  and  Li3N  (1  h)  modified  Li 
(b)  as  counter  electrodes. 


Cycle  number 


Fig.  7.  Li  cycling  efficiency  for  the  first  20  charge/discharge  cycles  with  different  N2 
exposing  times,  (■)  primitive  Li;  (O)  Li3N  (0.5  h);  (A)  Li3N  (1  h);  (☆)  Li3N  (4h). 

film  is  formed  on  the  Li  surface.  The  more  negative  potential  of 
the  as-received  Li  results  in  more  insoluble  reduction  species  pre¬ 
cipitated  on  the  Cu  substrate  surface,  such  as  insoluble  Li  halides, 
LiOH-Li20  and  ROC02Li  [36].  So  two  dissolution  peaks  are  observed 
in  curve  (a).  The  first  dissolution  peak  at  round  0.2  V  must  be  due 
to  the  oxidation  of  the  bulk  Li  deposits  because  it  is  close  to  the 
thermodynamic  redox  potential  of  Li.  The  second  dissolution  peak 
at  ca.  0.4  V  can  be  attributed  to  the  stripping  of  reduction  species, 
which  are  precipitated  on  the  Cu  substrate  surface  upon  polariz¬ 
ing  to  more  negative  potential.  In  curve  (b),  the  re-oxidation  of  Li 
deposits  on  the  Cu  substrate  gives  a  single  dissolution  peak,  indi¬ 
cating  fewer  side  reactions  between  Li3N  modified  Li  electrode 
and  electrolyte.  And  the  smaller  maximum  deposition  current  of 
curve  (b),  which  relates  to  diffusion  limitations,  suggests  faster  Li+ 
migration  between  two  electrodes. 

Fig.  7  shows  the  Li  cycling  efficiency  for  the  first  20 
charge/discharge  cycles  with  different  N2  exposing  times.  As  seen, 
the  improvement  of  Li  cycling  efficiency  depends  on  the  N2  expos¬ 
ing  time.  Neither  short  exposing  time  (0.5  h)  nor  long  exposing 
time  (4  h)  affects  the  Li  cycling  efficiency  obviously.  Fig.  8  shows 
the  Li  cycling  efficiency  of  the  as  received  and  the  Li3N  (1  h)  modi¬ 
fied  lithium  electrodes  in  LiPFg/EC  +  DMC  electrolyte  for  1 00  cycles. 
The  modification  increased  the  cycling  efficiency  by  about  15% 


Fig.  8.  Variation  of  Li  cycling  efficiency  vs.  cycle  number  without  (■)  and  with  Li3N 
(1  h)  (O)  modification  in  1  M  LiPF6/EC  +  DMC  electrolyte  for  100  cycles. 
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after  30  cycles,  indicating  that  a  proper  exposing  time  is  impor¬ 
tant  to  establish  a  high  quality  modified  surface.  However,  both 
first  cycling  efficiencies  are  low,  probably  due  to  surface  oxides  on 
the  Cu  substrate,  which  may  produce  a  Li20  layer  before  Li  deposi¬ 
tion  [37].  Meantime,  an  obvious  fluctuation  of  the  efficiency  of  the 
as-received  Li  after  five  cycles  is  observed  due  to  the  deposition  of 
non-uniform  and  insoluble  Li  salts  on  the  Cu  substrate,  which  is 
also  demonstrated  in  cyclic  voltammetry  measurements. 

In  order  to  find  out  whether  the  Li3N  film  is  broken  or  not  during 
the  charge/discharge  cycling,  the  AC  impedance  tests  of  symmet¬ 
rical  cells  with  Li3N  modified  Li  electrodes  were  carried  out  after 
the  cells  were  charged  and  discharged  under  the  same  conditions 
as  those  of  the  Cu/Li  cells.  The  AC  impedance  results  for  symmet¬ 
rical  cells  after  different  charge/discharge  cycles  were  shown  in 
Fig.  9.  The  interface  resistance  of  Li3N  modified  Li  after  100  cycles  is 
almost  the  same  as  that  before  cycling  and  has  increased  only  about 
1 0  £2  after  1 85  cycles,  indicating  that  the  interface  is  stable.  So  it  can 
be  concluded  that  Li3N  film  is  durable  at  least  for  100  cycles.  But 
for  practical  use,  more  precisely  investigation  is  still  needed. 

The  morphologies  of  the  as-received  Li  and  Li3N  modified  Li 
electrodes  before  and  after  100  charge/discharge  cycles  are  given 
in  Fig.  10.  As  seen  in  Fig.  10a  and  b,  both  electrode  surfaces  are 
inhomogeneous  before  cycling.  It  is  noticeable  that  the  modified 
surface  is  strongly  charged  by  the  electron  beam  since  the  Li3N  film 
is  electronically  insulated.  However,  the  uneven  native  surface  does 
not  obviously  affect  the  morphologies  of  Li  deposits,  as  would  be 
expected  from  non-uniform  distribution  of  current.  Most  and  all  of 
Li  deposits  observed  in  Fig.  10c  and  d,  respectively,  are  all  in  uni¬ 
form  ‘particle-shape’  after  100  charge/discharge  cycles.  According 
to  the  overpotential-driven  nucleation/growth  electrodeposition 
mechanism  for  Li  reduction  process,  the  uniform  Li  deposits  should 


Fig.  9.  AC  impedance  of  symmetrical  cells  using  Li3N  (1  h)  modified  Li  electrodes 
after  different  charge/discharge  cycles. 

depend  on  the  uniformity  of  the  composition,  structure  and  electri¬ 
cal  properties  of  the  surface  film.  It  means  that  the  morphology  of 
Li  deposits  is  primarily  controlled  by  the  components  of  the  surface 
film  and  not  at  all  by  the  initial  topography  of  the  surface  (shape 
edges,  “hill”,  steep  corners,  etc.).  And  Li3N  modification  provides 
a  complete  SEI  film  at  the  interface.  Therefore,  the  Li  nucleus  can 
continuously  grow  beneath  the  protective  film,  whereas  relatively 
porous  film  on  the  as-received  Li  electrode  surface  leads  to  further 
growth  of  Li  deposits  out  of  the  surface  film,  which  is  identified  by 
the  big  Li  agglomerates  on  Li  surface  shown  in  Fig.  10c. 


Fig.  10.  SEM  micrographs  of  the  Li  as  received  and  Li3N  modified  Li  electrodes  before  (a  and  b)  and  after  100  charge/discharge  cycles  (c  and  d). 
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4.  Conclusions 

A  Li3N  film  is  formed  by  reacting  Li  with  N2  gas  at  room  tem¬ 
perature.  The  Li3N  modified  Li  electrode  shows  high  stability  in  the 
electrolyte  compared  with  the  as-received  Li  electrode.  Moreover, 
the  extremely  small  exchange  current  demonstrates  a  complete 
SEI  film  formed  at  the  electrode  [electrolyte  interface.  The  resis¬ 
tance  of  Li+  migration  through  the  surface  film  and  the  length  of  Li 
ion  diffusion  from  electrolyte  to  electrode  surface  are  significantly 
decreased  by  the  modification.  The  Li  cycling  efficiency  depends  on 
the  N2  exposing  time  and  is  enhanced  by  Li3N  (1  h)  modification. 
Moreover,  the  Li3N  film  is  durable  for  at  least  100  charge/discharge 
cycles. 
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